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Renal ischemia and subsequent reperfusion lead to changes
in the regulation of hydrogen ions across the mitochondrial
membrane. This study was designed to monitor pH changes
in the cytosol and mitochondria of Madin–Darby Canine
Kidney cells exposed to metabolic inhibition and subsequent
recovery. A classical one-photon confocal imaging approach
using the pH-sensitive fluorophore carboxy SNARF-1 was
used to define specific loading, calibration, and correction
procedures to obtain reliable cytosolic and mitochondrial pH
values in living cells. Metabolic inhibition resulted in both
cytosolic and mitochondrial acidification, with a more
pronounced decrease of mitochondrial pH as compared to
the cytosolic pH. Shortly after removing the metabolic
inhibition, cytosolic pH did not recover, whereas
mitochondrial pH slowly increased. Our method is applicable
to other cell types provided that the mitochondria can be
loaded with SNARF-1 and that the cells possess a
mitochondria-free region to measure SNARF-1 in the cytosol.
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The naturally occurring extracellular acidosis is a highly
protective mechanism against ischemic cell death. The fast
return to physiological pH during reperfusion induces cell
injury.1–5 It was shown that cytosolic pH falls during
hypoxia-anoxia or equilibrates with cytoprotective decreases
of medium pH.6–9 The protective effect of low pH has been
ascribed to a general decrease in the activity of ion channels,
metabolism, and catabolic enzymes within the cytosol.10,11
On the other hand, the induction of the mitochondrial
permeability transition pores has been proposed as a key
mechanism determining cell death after reperfusion.12–14
It was demonstrated on isolated liver and heart mitochondria
and mitoplasts that mitochondrial permeability transition
pore is regulated by pH, the pore being inhibited at acidic
values on the matrix side of the inner membrane (pHm).
15–18
In intact hepatocytes and perfused livers and hearts,
obviating the rise of pHi during reperfusion is accompanied
by less mitochondrial permeability transition pore opening
and less injury.8,14,19 Most pHm measurements are performed
in isolated mitochondria20 or in permeabilized cells.21
To better understand the role of the mitochondrial pH
gradient in the regulation of normal and pathological
mitochondrial function, it is essential to follow pHm changes
in intact cells, where the natural physiological environment is
preserved. In intact hepatocytes, pHm was estimated
indirectly.6 pHm measurements can be performed in living,
intact cells using mitochondria-targeted pH-sensitive GFP
proteins.22–24 When classical pH-sensitive probes are utilized
in living cells, the problem of contamination of pHm signals
with cytosolic pH (pHi) signals restricts the measurements
mainly to pHi.
25
The aim of this study was to design a reliable protocol
enabling the monitoring of pHi and pHm in living
Madin–Darby Canine Kidney (MDCK) cells, using the dual
emission pH-sensitive fluorophore, 5- and 6-carboxy
SNARF-1 (SNARF-1) and a classical one-photon confocal
setup. Although SNARF-1 has been previously used to
measure pHi in different cell types including MDCK
cells8,26,27 or pHm in intact or permeabilized cardiomyo-
cytes,21,25 we report here for the first time the use of this dye
for both pHi and pHm measurements in MDCK cells exposed
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to metabolic inhibition (MetI) and a subsequent 30-min
recovery.
One of the main challenges while measuring cytosolic and
mitochondrial fluorescence signals is to isolate the signal of
the subcellular location of interest, without contamination
with signals originating from the other location. This
problem is easier to solve with a two-photon confocal
microscope. However, the high cost and the lack of specific
mitochondrial pH-sensitive probes excitable at wavelengths
X800 nm restricts the use of two-photon microscopy to pHi
measurements.28,29 Lemasters and co-workers25 used SNARF-
1 in intact, living cardiomyocytes to measure pHi and pHm
with a traditional one-photon confocal setup. The loading
procedure in that study allowed SNARF-1 to distribute in
both the cytosol and the mitochondria. Because of the
limited diameter of mitochondria in relation to the thickness
of the confocal slice, most ‘mitochondrial’ signals were not
only originating from mitochondrial SNARF-1 fluorescence
but rather represented a weighted average of mitochondrial
and cytosolic SNARF-1 fluorescence. To reduce contamina-
tion of the mitochondrial signal with cytosolic SNARF-1
fluorescence, we extended this method for pHi and pHm
measurement by developing several dye loading, signal
correction, and analysis procedures.
First, MDCK cells were simultaneously loaded with
SNARF-1 and the mitochondrial stain MitoTracker Green
(MTG), to discriminate between cytosolic and mitochondrial
SNARF-1 pixels and to avoid challenges due to mitochondrial
or cell motility. Two loading procedures were developed:
Protocol 1, where mitochondria were predominantly stained
(Figure 1a) and Protocol 2, where SNARF-1 was loaded into
both mitochondria and cytosol (Figure 1b). pHm was
measured in cells loaded according to Protocol 1.
Second, mitochondrial and cytosolic regions of interest
were selected carefully, since the optical slice volume
contained both cytoplasmic and mitochondrial-localized
fluorescence information (Figure 2). Based on the observa-
tion that SNARF-1 is not staining the nucleus at all, and
given that the cytosol underneath the nuclear area contains
very few mitochondria, the cytosolic SNARF-1 intensity was
measured by choosing only the SNARF-1-related pixels in the
cytosol underneath the nucleus, for cells loaded following
Protocol 2. The observation volume was always chosen close
to the basolateral membrane, the optical slice thickness
enabling part of the cytosol to be visualized underneath the
nucleus region. To select the proper cytosol-related region of
interest underneath the nucleus, the MTG signal was set to
maximum contrast via digital image enhancement using the
image analysis software. This prevents accidentally selecting
pixels with a hardly discernable weak MTG signal. To avoid as
much as possible contamination of the mitochondrial-related
pixels with cytosolic information, the mitochondrial SNARF-
1 information was obtained from cells loaded with SNARF-1,
according to Protocol 1. Subsequently, the SNARF-1 image
corresponding to mitochondria-related pixels was deter-
mined by applying the MTG ‘mask procedure’ as described
previously30,31 and in concise detail in the section Image
Processing.
Third, we applied corrections for autofluorescence,
emission detection channel cross talk, acquisition bleaching,
and detector linearity.
(a) Autofluorescence: For blank cells, the pattern of mito-
chondrial areas and cytosolic areas underneath the
nucleus was clearly distinct in the SNARF-1 detection
channels, allowing the autofluorescence level to be
measured for each compartment. This was very im-
portant for the reliability of the method, as using the
averaged autofluorescence intensity over the whole cell
can induce large errors in the calculated values for pHi
and pHm. This can affect mainly the data from the final
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Figure 1 | Images of confluent monolayers of MDCK cells immediately after loading with both SNARF-1 and MTG. Shown are
emission detection channels for SNARF-1 (680 and 590 nm) and MTG (525 nm) according to two loading protocols: (a) Protocol 1 and
(b) Protocol 2 (for details see text). The superimposed images in each panel represent an overlay of the three others. The images in (a) and
(b) were measured with identical settings of the confocal microscope.
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part of the experiments, when SNARF-1 intensity is
lowered due to photobleaching (see below) and dye
leakage, and therefore the contribution of the back-
ground to the calculations becomes substantial.32
The mitochondrial background was consistently higher
than the cytosolic background (Figure 3), although
constant for the observed tissues and individual passage
numbers. Averaged values corresponding to mitochon-
dria and cytosol-related pixels were used to correct for
the respective background signal.
(b) Confocal Laser Scanning Microscopy detection channel
crosstalk: There was no measurable cross talk between the
SNARF-1 and MTG channels (Figure 4). When SNARF-1
emission was measured in the MTG channel, only the
autofluorescence signal was observed. Similarly, the MTG
emission in the SNARF-1 channels only gave the basal
background value.
(c) Photobleaching: SNARF-1 and MTG bleaching were
checked on cells loaded separately with the individual
dyes or when both were present. This was repeated
routinely for cells at different ages and different passages.
At the chosen laser intensity, MTG was never affected by
bleaching. Data indicated pronounced bleaching of
SNARF-1 during image sequence collection, but the
SNARF-1 ratio (680/590 nm) proved constant over time
(Figure 5).
(d) Photomultiplier linearity: In order to be able to see the
weakened SNARF-1 signals at the end of MetI,
photomultiplier voltages were adjusted and calibrated.
Photomultiplier calibration was performed on cells
loaded only with MTG, which showed no photobleach-
ing for the conditions reported here.
After background subtraction, the SNARF-1 images
obtained at 680 nm and 590 nm for both cytosol and
mitochondria were divided on a pixel-by-pixel basis and
the resulting values averaged. The ratios were converted to
pH values based on the in situ pH calibration of SNARF-1.
Following the mitochondrial ‘MTG mask’ procedure, two
calibration curves were derived (Figure 6), corresponding to
the SNARF-1 ratio in the cytosol and in the mitochondria,
respectively.
SNARF-1 sensitivity to pHm changes in MDCK cells
loaded according to Protocol 1 was checked using the
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Figure 2 | Pixel selection in MDCK cells. XY optical slice near
support (b) and diagonal XZ cross-section of MDCK cell (a) as
collected. Bar¼ 10-mm diameter. Image collection parameters: Zeiss
 63/1.4 oil plan-ApoChromat objective, zoom 2, pixel dwell time
6.4ms, pinhole 325 mm for 488 nm excitation, 0.8% 488 nm excitation
laser light with 10mW on sample. Color designation for the
demarcation lines: blue—position of diagonal vertical cross-section;
orange—actual optical slice position with thickness to scale; yellow—
nucleus of MDCK cell; white—cell perimeter. Cytosolic SNARF-1 signal
retrieval in cells loaded according to Protocol 2: selection of pixels
underneath the nucleus not having any discernable MTG
contribution after digital signal enhancement. Mitochondrial SNARF-1
signal retrieval in cells loaded according to Protocol 1: selection of
only those pixels that display high MTG intensities. (c) and (d) XY and
XZ point spread function cross-sections at 488-nm excitation for
unresolved microbead. (e) Horizontal (XY) 1/e2 full width 0.56 mm,
vertical 1/e2 full width 3.3mm as obtained by Gaussian curve fit with
R2 0.99. Estimated error 5%. XZ for Slice thickness (Zeiss software
indicates o2.4mm).
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Figure 3 | Autofluorescence levels for mitochondria and cytosol.
Autofluorescence was measured in the corresponding channels
for SNARF-1590, SNARF-1680, and MTG, based on the distinct pattern
of mitochondrial areas (left) and cytosolic areas underneath the
nucleus (right) for unstained MDCK monolayers. Mean values are
represented as ±s.e.m (N¼ 6, n¼ 50).
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Figure 4 | Cross talk check between the SNARF-1 and MTG
channels. Fluorescence was measured in the corresponding
channels for SNARF-1590, SNARF-1680, and MTG for monolayers
loaded either only with SNARF-1 (following loading Protocol 1) or
only with MTG. Data result from the analysis of mitochondrial pixels.
Background values were not subtracted. Fluorescence intensities are
indicated as mean values±s.e.m (N¼ 4, n¼ 38).
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protonophore carbonyl cyanide 4-(trifluoromethoxy) phenyl-
hydrazone (FCCP) (1 mM) and the F1F0-ATPase/H
þ pump
inhibitor oligomycin (20 mg ml1). FCCP treatment induced
a decrease in pHm of 0.3±0.1 pH units (N¼ 3, n¼ 33), while
the oligomycin treatment alkalinized the matrix by 0.2±0.1
pH units (N¼ 3, n¼ 32) as compared to the control value.
Under physiological conditions, similar to other stu-
dies,21,23,24 mitochondria showed an alkaline pH (pHm¼ 7.7)
as compared to the cytosol (pHi¼ 7.4) (Figure 7). The pHi
value, equal to the incubating solution pH, is in good
agreement with other studies reporting pHi in MDCK
cells.26,33 MetI resulted in both cytosolic and mitochondrial
acidification, with a more pronounced decrease of pHm.
During the first 20 min of MetI, pHi decreased from 7.4±0.1
to 7.1±0.1 (N¼ 5, n¼ 56) and recovered slightly during the
subsequent 40 min of MetI. pHm decreased from 7.7±0.1
to 7.0± 0.1 during the first 20 min of MetI, and continued to
decrease to 6.8±0.1 (N¼ 7, n¼ 69) over the next 40 min of
MetI. Upon removal of metabolic inhibitors, pHm recovered
slowly while pHi failed to recover during the 30-min period
of observation post-MetI.
The MetI-induced changes in pHi and pHm can be
attributed in part to continued ATP hydrolysis, release of
protons sequestered in acidic organelles like lysosomes and
endosomes,13,34 as well as to the redistribution of other ions
across the plasma and inner mitochondrial membrane.
Mitochondria possess several proton antiporters, including
Naþ /Hþ exchangers (NHEm) and K
þ /Hþ exchangers
(KHEm)
21,35 and Pi
/Hþ symporters36 that can regulate
pHm under MetI conditions (Figure 8). Our previous studies
have indicated that in MDCK cells subjected to MetI,
mitochondria play a protective role by taking up cytosolic
Ca2þ via mitochondrial Naþ /Ca2þ exchangers (NCX)
acting in reverse mode.30 This process is sustained by a
noticeable rise in mitochondrial Naþ concentration during
the first 15 min of MetI.31 On the basis of our data, the
calculated electrochemical gradient for Naþ (24 mV),
together with the Hþ gradient across the mitochondrial
membrane (30 mV), favor mitochondrial acidification via
NHEm during the initial phase of MetI. Furthermore, it is
known that the increase in cytosolic Naþ in ischemic
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Figure 5 | Bleaching of SNARF-1 and MTG. Bleaching rates for
SNARF-1590, SNARF-1680, ratio SNARF-1680/SNARF-1590, and MTG
measured under Protocol 1 loading conditions. Data are normalized
in each case to the starting value to clearly show the trend over time.
Values are indicated as mean values±s.e.m (N¼ 2, n¼ 19). See
Figure 7 for explanation of the time axis.
2.2
2.0
1.8
1.6
1.4
1.2
SN
AR
F-
1 6
80
 
/ S
NA
RF
-1
59
0
1.0
0.8
0.6
0.4
6.6 6.8 7.0 7.2
pH
7.4 7.6 7.8 8.0
Figure 6 | In situ calibration of SNARF-1 in MDCK cells. Cells were
loaded (loading Protocol 2) with SNARF-1 and MTG and then
incubated in high Kþ -buffer supplemented with nigericin (13 mM),
FCCP (1 mM), and oligomycin (20 mg/ml). Averaged SNARF-1 ratios
(680/590 nm)±s.e.m. for cytosol (J; N¼ 5, n¼ 48) and mitochondria
(’; N¼ 5, n¼ 48) were plotted against the pH of the bathing
solution.
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Figure 7 | Time course of pHi (J; N¼ 5, n¼ 56) and pHm (’; N¼ 7,
n¼ 69) during 60 min of MetI and 30 min of recovery in MDCK
cells. Values are indicated as mean values±s.e.m.
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conditions is compensated by a decrease in cytosolic Kþ .37
This drives the efflux of Kþ from the mitochondrial matrix
into the cytosol in exchange for Hþ , via KHEm, resulting in
mitochondrial acidification. Studies in isolated mitochondria
showed that KHEm is inactive under normal physiological
conditions, but is activated by an increase in matrix
volume,35 as observed in our cells during the first 20 min of
MetI (unpublished observations). Supplementary candidates
for mitochondrial acidification are the mitochondrial Pi
/Hþ
symporters, given the high production of phosphate in
the cytosol under MetI conditions.38 Upon removal of MetI,
the recovery of both pHi and pHm was slow. This might act as
a protective mechanism, by preventing the initiation of
mitochondrial permeability transition pore, which is strongly
inhibited by an acidic environment.15–18 The fact that, under
conditions of our experiments, MDCK cells are able to escape
MetI injury is demonstrated by the recovery of the
mitochondrial potential as well as of cytosolic ATP values.31
In summary, we have developed a reliable method for pHi
and pHm measurements in intact, living MDCK cells, which
allows the monitoring of dynamic changes in these
parameters, such as those occurring during MetI and
recovery. This method is applicable to other cell types
provided that SNARF-1 can be loaded predominantly into
mitochondria and that the cells possess a mitochondria-free
region to analyze cytosolic SNARF-1 signals.
Cell culture: MDCK cells were cultured under standard
conditions (371C, 5% CO2) as described previously.
30,31 For
experiments, cells were seeded onto 24-mm diameter glass
coverslips and used for up to 3 days after reaching
confluency.
Fluorescence measurements: Fluorescence measurements
were performed on a standard one-photon Zeiss LSM 510
META Confocal Laser Scanning Microscopy with an Axiovert
200 M frame (Zeiss, Jena, Germany) using a  63/1.4 Plan
Apochromat oil immersion objective. All measurements were
performed at 371C as presented previously.30,31 Calibration of
the point spread function was carried out with 40 nm beads
(Invitrogen/Molecular Probes, Merelbeke, Belgium) accord-
ing to their preparation protocol using point spread function
distiller and Huygens Essential deconvolution software by
Scientific Volume Imaging, Hilversum, the Netherlands.
Dye loading: Protocol 1: SNARF-1 distribution in
mitochondria. MDCK cells were loaded for 30 min with
10 mM SNARF-1 AM and 200 nM MTG (both from Invitro-
gen/Molecular Probes) in normal saline solution (NSS). Cells
were then washed with NSS and incubated for 2.5 h, to allow
for complete hydrolysis and preferential mitochondrial
compartmentalization of the dye. Loading and incubation
were at 371C in 5% CO2.
Protocol 2: SNARF-1 distribution in mitochondria and
cytosol. After 30-min dual SNARF-1 and MTG loading with a
1.5 h incubation period, a second loading step with 5 mM
SNARF-1 was applied for 30 min. Then cells were incubated
in fresh NSS for another 30 min, to allow for hydrolysis of the
dye into the cytosol. This loading protocol was developed
based on the observation that during the experimental time
course the cytosolic fluorescence intensity is decreasing
continuously, due to a gradual loading of the mitochondria.
Therefore, to be able to work with a sufficiently high signal-
to-noise ratio of SNARF-1 in the cytosol during longer time
periods, the mitochondrial ‘sink’ was loaded first, followed by
a second loading of the cytosolic pool with SNARF-1.
In situ calibration: In situ calibration of SNARF-1 was
carried out in separate experiments using the method of
Thomas et al.39 MDCK cells were loaded according to
Protocol 2 with SNARF-1 in the cytosol and with SNARF-1
plus MTG in mitochondria and exposed to high-Kþ buffer
(vide infra Solutions and Chemicals) containing also 13 mM
nigericin, 1 mM FCCP, and 20 mg ml1 oligomycin (Tocris,
Bristol, UK). The pH of this solution was set to four different
values in the range of 6.8–7.8. The calibration was performed
both from low to high pH and vice versa. The data of all
calibrations were pooled.
Image collection: To avoid contamination between MTG
and SNARF-1 emission, a sequence of three consecutive scans
was performed throughout, using a Green HeNe laser (543-
nm line, 1%¼ 0.1 mW laser power at the sample position) for
SNARF-1, and an Ar-laser (488-nm line, 1%¼ 10 mW)
for MTG. Settings were chosen to minimize bleaching and
still get a reasonable signal for SNARF-1. The fluorescence
emission of SNARF-1 at 590 and 680 nm was captured in the
first two consecutive scans, through the 545 dichroic with BP
565- to 615-nm and BP 655- to 705-nm band-pass filters,
respectively, while MTG was collected during the third scan
using a 490 dichroic and a BP 525/25-nm filter. The effective
frame collection time for one measurement point (sequence
of three scans) was 1 min 40 s. Pixel dwell time was 25.6 ms.
Each 512 512 pixel image was averaged twice (line scan
mode) to improve the signal-to-noise ratio and collected
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Figure 8 | Simplified scheme of ion transporters in the inner
mitochondrial membrane. ETC, electron transport chain, MPTP,
mitochondrial permeability transition pore.
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with a digital zoom factor of two. Detector gain settings were
separately calibrated and adjusted between 800 and 1100
(Zeiss software) for proper image recording without too
much amplifier noise. In order to minimize photobleaching
and phototoxicity as much as possible while still maintaining
discernable image detail toward the end of a typical MI
experiment, laser power had to be kept as low as possible.
For these same reasons a 325-mm diameter pinhole setting
had to be used for 488 nm and adjusted accordingly for
543-nm excitation. The point spread function is provided in
Figure 2. Theory predicts for the full width at half maximum
of a diffraction limited spot with 488-nm excitation
0.19 (radial) and 0.45 mm (axial). The software-derived
optical slice thickness was o2.4 mm. pHi and pHm are
expressed as the SNARF-1 (680/590 nm) emission ratio.
A decrease in the SNARF-1 ratio represents a decrease in pH.
The detector gain was optimized to avoid saturation in
any pixel while maintaining a proper signal-to-background
noise ratio.
Image processing: For increasing analysis speed, images
were stack processed as much as possible. Step 1: raw
confocal images were converted to 8-bit tif format using the
Zeiss supplied export routine or with the ImageJ LSMReader
plugin (University Strasbourg) and stored in a separate new
analysis folder. All files from a complete MetI experiment
series in their storage folders were read as separate SNARF-1
and MTG stacks into ImageJ. Step 2: upon despeckling of the
individual images, any saturated pixels (occasionally present,
typically in the first image only since it was opted not to
change standard detection settings once an experiment was
under way) were removed by zeroing. Step 3: cytosolic or
mitochondrial pixel selection. For the cytosolic pixels
underneath the nucleus (lack of any MTG signal), the MTG
image stack was enhanced in order to observe even the
weakest observable signal. Proper polygonal regions of
interest for the pixel areas under the nucleus showing no
MTG observable signal were selected by visual inspection for
all individual cells in each image and stored. It is to be
understood that this part is not easy to automate since the
cells move sufficiently about between image collection events
that one would have to verify and edit region of interest
boundaries when a brighter SNARF-1-stained intercellular
space would accidentally show. Using the ImageJ Polygon
Combiner, selected individual region of interests are linked
for faster subsequent processing. Mitochondrial pixel selec-
tion: MTG pixels related to a strong mitochondrial signal
were selected by setting a high threshold. All pixel values in
the MTG image between a variable lower limit (threshold
value typically higher than 90–120) and the 255 maximum
pixel value were used to calculate the SNARF-1 ratio.
The careful pixel selection in the image analysis procedure
allows obtaining mitochondrial SNARF-1 signals that are
mainly of mitochondrial origin. The possibly few existing
saturated pixels in the MTG image were corrected for (pixels
with an intensity of 255 were eliminated). Step 4: the
properly selected background was subtracted for the selected
pixels. Step 5: the SNARF-1 ratio was determined for each
time point for all corrected stack images.
The freeware Zeiss LSM Image Browser and ImageJ
Java-based plugin routines (Research Services Branch,
NIMH/NINDS, Bethesda, MD, USA) were used for image
transfer, conversion, and processing. Huygens Essential
(Scientific Volume Imaging) was used for point spread
function analysis.
Solutions and chemicals: The NSS contained (in mM): 140
NaCl, 5 KCl, 1.5 CaCl2, 1 MgSO4, 10 HEPES, and 5.5 glucose
(pH adjusted to 7.4 with Tris, at 371C). MetI was induced
with a solution containing (in mM): 135 NaCl, 5 KCl, 1.5
CaCl2, 1 MgSO4, 10 HEPES, 10 2-deoxy-d-glucose, and
2.5 NaCN (pH 7.4). Recovery was performed with NSS. The
pH calibration high-Kþ buffer contained (in mM): 145 KCl,
1.5 CaCl2, 1 MgSO4, 10 HEPES, and 5.5 glucose (pH adjusted
at different values with Tris, at 371C).
Statistics: Values from N different monolayers and
n observed cells are reported as means±s.e.m.
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